This version is available at https://strathprints.strath.ac.uk/56371/ Strathprints is designed to allow users to access the research output of the University of Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights for the papers on this site are retained by the individual authors and/or other copyright owners. Please check the manuscript for details of any other licences that may have been applied. You may not engage in further distribution of the material for any profitmaking activities or any commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the content of this paper for research or private study, educational, or not-for-profit purposes without prior permission or charge.
Introduction

21
Below limb prostheses are artificial devices designed to replace a missing limb for prosthetic users and 22 are identified by our research as special and intimate products affecting the self-body image of the 23 wearers. Our belief is that, accounting the importance for a device to feel comfortable to wear and 24 functional to use, amputees also require visual appealing aesthetic in the devices to fulfil their emotional 25 needs. Visual prosthetic design, which can also be identified as prosthetic form, is indicating the 26 appearance of the products -or rather how the products look like. 27
Unlike the extended work to date on prosthetics which has largely focused on the technical 28 improvement of the devices (Hahl, Taya found few academic studies discussing realistic-appearance aesthetic devices and that the literature 31 focuses mainly on upper limb designs (Biddiss, Beaton, & Chau, 2007; Davies, Douglas, & Small, 1977; 32 Ferrone, 2001 ). This contrasts with a considerable number of companies (e.g. "Procosil", "Touch 33
Bionics", "The Alternative Limb Project", "Ottobock") and associations (i.e. "Amputee Coalition", 34 "Amputee prosthetics", "Westcoast brace and limbs") that deal with the production and/or advertisement 35 of high-level realistic-looking limbs. Similarly, we found little literature investigating the aesthetics of 36 non-realistic devices (Capestany & Esparza, 2011; Hilhorst, 2004; Plettenburg, 2005) , as well as few 37
companies (e.g. "The alternative Limb project", "Bespoke innovations") and designers (i.e. Sophie de 38
Oliveira Barata, Scott Summit). This suggests limited academic investigation of visual prosthetic design 39 has taken place up to now, and that the research on non-realistic looking prostheses is particularly scarce. 40
As part of the lack of research in the field, we have been particularly concerned in the absence of an 41 academic method for visual prosthetic design. 42 We believe that a robust methodology guiding the aesthetic design process would be extremely 43 important for the manufacturing process for both public and private prosthetic centres. Our belief is that 44 this procedure should guide the designer to provide the amputee with a customised option responding 45 their personal needs. 46 In response to that, this paper proposes a new methodology for the aesthetic design of robotic below 47 knee prosthetic devices and aims to provide a set of guidelines for the development of a user centred data 48 collection approach for the improvement of the emotional user experience. In this work we propose a set 49 of steps for the designer to understand the personal visual requirements of the user and focuses on the data 50 collection process. The design of the methodology is based on semi-structured interviews; this chapter 51 presents both the results of the data collection and a universal-applicable methodology approach. 52
Kansei for Visual Prosthetic Design 53
In considering the visual aspect of prostheses for below-knee devices, the models resembling the 54 realistic appearance of a human leg are identified with the term 'cosmetic' (Fig. 1a and The RGT consists in a semi-structured interview in which respondents are asked to choose and relate a 93 triad of elements by describing the way two of them are alike and thereby different from the last one 94 (Hassenzahl & Trautmann, 2001 ). The elements can either be chosen by the participants or by the 95 interviewer. The characteristic of similarities and differences described by the respondent are elements 96 and constructs, that represent the focal points of the technique (Coshall, 2000; Hankinson, 2004) . 97
Elements are objects of people's thinking, and in the case of application for product design studies, the 98 elements are a set of products that the designer aims to investigate the perception. In the case of our 99 specific study, the elements are prosthetic devices. 100
The constructs are the personal interpretations of the interviewed of the elements. According to the 101 description of Kerkhof (2011) , the constructs are "the discriminations that people make to describe the 102 elements in their personal, individual world". An essential characteristic of constructs is that they are 103 'bipolar' (e.g. cold−hot, good−bad)". 104
Method
105
The RGT has been used for our data collection by adaption its application to our experiment (see 106 'procedure'). The experiment aimed to discover the individual attraction of participants for their ideal 107 prosthetic product. A set of 9 visual prototypes has been shown to each participant to detect a list of 108 preferred aesthetic attributions to guide the final personalized design. The study consisted of open 109 interviews that took approximately 45-60 minutes to complete. 110
The data collection took place over three months. The interviews were made individually, either face 111 to face or through video-call. The researcher conducted the interviews by showing the 9 prosthetic models 112 on screen by displaying the images and 3D videos of the visual prostheses in order to provide to the 113 participants a clearer understanding possible of each design. 114
The video interviews were structured to be consistent with the face to face interviews. In order to gain 115 objectivity, the researcher applied some expedients. For instance, participants were asked to use a wide 116 monitor screen and test the audio was working properly and the good quality resolution of the shared 117 screen for the visualization of the prostheses by asking the interviewed to describe if he/she could see and 118 describe small details on the first and second model. been applied for our experiment: 144
(1). The participant was shown a Participant Info Sheet and asked if they agree to the use of a voice 145 recorder. The aim of the investigation, the procedure and the need for the participant to provide an 146 objective evaluation of the devices were explained in this document. 147
(2). The participant was invited to select three prostheses from the set 148 (3). The three prostheses were discussed in the interview -the question asked by the researcher was 149
"what do two of these elements have in common, and how do they differ from the third?" 150 (4). The answers was further explored by asking the question "why?" for detecting more details 151 (5). Points 2, 3, and 4 were repeated three times. Before starting the first round, the researcher asked 152 the participant to include one of the two realistic-looking devices in at least one of the triads and to 153 comment on the level of human-likeness. The purpose of these questions was to investigate the level of 154 attraction for human likeness in prostheses. 155 (6). The researcher transcribed the descriptions into the repertory grid. The repertory grid is a 156 template sheet where the preferred option is placed on the left side (e.g. colorful pigmentation), and the 157 non-preferred issue on the right (e.g. dark pigmentation). In the middle there are five empty spaces for the 158 participant to use to indicate their preferences in the next step. 159 (7). The researcher asked the participant to use the repertory grid to rate their constructs pole between 160 1 and 5, by considering the constructs to be associated with the aesthetic of their ideal prosthetic device 161
The investigator made sure that the statements of the participants were documented robustly in the 162 grid by a) asking people to repeat and clarify the concepts whether the information where unclear, b) 163
show the participant the grid before their marking and asking them to confirm the statements were 164 reported appropriately. 165
The main differences between the original RGT and the adapted version for our investigation are: 166 o Where the original RGT usually display to participants elements they are already familiar with, 167 our procedure proposes to users products they have never seen before 168 o The original RGT expects the participant to rate all the elements shown within the grid, where in 169 our version we required the participant to rate in the repertory grid only their ideal prosthetic 170 device and not all the elements (i.e. prosthetic devices) shown. This helped to keep the experiment 171 more focused on the design aim and to keep the time of the experiment within the scheduled 172 interview time 173
Ethics 174
The study was reviewed and approved by the University Ethics Committee of the University of 175
Strathclyde. 176
Elements for constructs 177
To conduct the RGT experiment, 9 3D images of prosthetic devices ( Fig. 2 ) and 1:1 poster format of 178 A1 size were shown in order to achieve a standard realistic visualization of the prostheses. Eight 179 prostheses were designed by the chief researcher and modelled by using SolidWorks 2013 x64 Edition, 180 whereas prosthesis number 8 has been taken from an open-source database. The models 1, 2, 4, 5, 6, 7 181 and 9 are a set of 7 prosthetic models representing robotic devices appearance. Those models aimed to 182 test the attraction of people for robotic features and be data source for the design elements and principles. 183
Prosthetic 3 is a non-realistic looking devices aiming to represent a NHS cosmetic model with a low level 184 of realism, where prosthetic 8 represents a highly realistic device. Prostheses 3 and 8 were inserted in the 185 set to test the level of attraction and/or preference of participants for realistic devices. 186 
Results
191
The data analysis for the 19 participants provided us with a total of 135 constructs, giving a mean of 7 192 constructs elicited by each participant. The constructs were couples of polar statements and aimed to 193 describe preferences and dislikes. The participants were expressing their impressions of the visual of 194 prosthetic devices using their own words and each statement was depending on the personal interpretation 195 prosthesis (i.e. tibia, ankle, feet, and toes). An example could be found as "big ankle" (P) and "thin 227
ankle" (O) for i.e. an amputee attracted towards a 'bulky' appearance for the ankle. These 228 constructs interested 13 participants for a total of 17 constructs. By separating aesthetics 229 characteristics referring to human outline between the two categories 1A and 1B, that in fact may 230 be considered part of same category, we aimed to facilitate the discussion around the attraction of 231 users for human-likeness in a more detailed manner. 232 o 1C -Design Details: refers to the details of the form of the prosthesis, and includes specific 233 statements of the elements detected by the amputees for the devices to be compared. This point 234 offers mainly (but not exclusively) a list of characteristics noticed within robotic looking models 235 design characteristics. Within this group we can find statements like "colourful" (P) -"human 236 skin colour" (O) or "continuity between leg and feet" (P) -"non-continuity between leg and feet" 237 (O). This category encloses 56 constructs and refers to the more personal details detected by the 238 participants when undertaking the RGT. 239 
Discussion
Design Principles and Elements in Visual Prosthetic Design 241
Constructs from category 1A lead us to assume that the majority of prosthetic users preferred robotic 242 design over cosmetic design. This data confirmed the fact that people were not happy of receiving the 243 standard cosmetic model, however they were not happy neither with a basilar non-realistic option like the 244 uncovered device as usually provided by the public health system. The people interviewed expressed 245 preference for receiving a more visually-elaborate product. 246
After classifying the other data obtained during the interviews, we aimed to use the results for creating 247 a universal system of guidelines for the aesthetic of prosthetic devices. The constructs categorised within 248 1B and 1C (anatomical outlines and design details) are identified as data source for defining the 249 guidelines for design Principles and Elements in visual prosthetic design. Specifically, a classification for 250 a set of design elements and principles has been outlined. In the following sections we describe the 251 meaning of each component for the principles and elements. 252 The classification of the constructs followed the criteria of division of the chief investigators according 279 to their design background experience. Subsequently, the labels attributed to the set of constructs has been 280 reviewed and validated by the contribution of three designs experts in prosthetic design, emotional design 281 and product design. After receiving an overview on the aim of the experiment, the experts considered the 282 classifications and labels and offered their impressions and minor revision suggestions. 283
After this process of correction, a defined classification for a set of design elements and principles has 284 been outlined. By selecting and elaborating the data obtained, the factors included in the 
Design Principles 293
We identify as design principles those guidelines whose 'direct' the design of a prosthetic product in 294 order to give an order to the elements composing it. By referring to the concepts of 'concinnity' (Coates,  295 2003), where objective concinnity "just feels right" to the observer of any culture and any period, and is 296 also claimed to be expressed by providing to the product "stability" and "simplicity" -we attempt to 297 identify the principle with this concept. 298
The idea for principles is that the design ordering the elements and anatomy of the prostheses should 299 be universally perceived as "just right" and balanced. 300
From the descriptions of participants coming from the same RGT data collection, we noticed that the 301 strongest concern of people in relation to their emotional impact was focused on the degree of human 302 shaping of the leg (i.e. if the human outline was respected or not), or rather the category 1B. In other 303 words, the driving comments (less in quantity but higher in quality as people spent longer time describing 304 them) were not mainly focused on the kind of elements chosen for the design, but more in the principles 305 according to how they were applied to the prosthetic design. We identify the different levels of "human 306 likeness shaping" of the leg with the term 'level of abstraction'. The abstraction in the design has been 307 identified as a priority for amputees and being inserted in the aesthetic design principles of prosthetic 308 design. 309
Proportion 310
The concept of proportion has been outlined by considering the constructs grouped under categories 311 1B (anatomical outline) and the constructs of 1C (Design details) of 'Sculptural Cavities/Extrusions'. The 312 concept of proportion refers to the level of abstraction of the outline of the prosthesis in relation to a real 313 limb outline. Outline refers to the shaping of the model. Unity refers to the presence (or lack) of continuity between the designs sections and or the design 325 patterns, and has been detected as one of the constructs more repeated within the list of design details 326 (1C). Design sections include tibia, ankle and foot, where the patterns are the aesthetic elements applied 327 on the device. At level 1 we have a design perceived as more organic and connected between each part, at 328 level 2 a design with a semi organic appearance, where at level 3 we find a design perceived as non-329 organic and disconnected. The level of abstraction showing a homogeneous design can be identified 330 under level 1 where design unity between the tibia, ankle and foot and/or continuity in the pattern of the 331 prosthesis (i.e. one pattern only) is respected. Under level 2 we have a medium perception of continuity, 332 with partial unity between the tibia, ankle and foot -or discontinuity between the patterns of the 333 prosthesis (i.e. more than one pattern used along the prosthesis). Within level 3 it can be found a design 334 with a remarked discontinuity between the parts and an optional non-unity within the patterns can be 335 found. 336
Since the three criterions points are subject to individual perceptions, prostheses 1, 2, 5, 9 can be 337 classified in the category that we found more appropriate, but might be perceived by other subject in the 338 adjacent one. Specifically, 2 and 9 are classified, based on our guidelines, under area 1; prosthesis 1 under 339 area 2, and prosthesis 5 under area 3. However, 2 and 9 could be classified by other users/designer under 340 area 2; prosthesis 1 could be (unlikely) be classified under area 1 and prosthesis 5 under area 2. 341 
Human anatomy outline respected
The outline of the leg follows almost perfectly the outline of a real leg or of a cosmetic device Anatiomical propotion is met
Deformation of human anatomy on some sections of the prosthesis
The outline of the leg reminds the outline of a real leg, proportion of some sections are clearly altered Anatiomical propotion is partially met
Human anatomy outline non respected
The outline of the prosthesis is fully altered Anatiomical propotion is partially or not met al all
B. Unity
(within design sections) (1C)
Number of constructs: 8
Continuity
Involves design unity between the tibia, ankle and foot or continuity between the pattern of the prosthesis (i.e. one pattern only).
Visual impression of an organic design
Medium level of continuity
Partial design unity between the tibia, ankle and foot or discontinuity between the patterns of the prosthesis (i.e. more than one pattern used along the prosthesis).
Semi-organic design
Contrast
No unity between the tibia, ankle and foot, and/or discontinuity between the patterns of the prosthesis (i.e. more than one pattern used along the prosthesis).
Idea of discontinuity in the design of the prosthesis.
Design elements 343
The design element/s in the prosthetic device responds to a very subjective taste from the observer. We 344 connect the idea of elements to subjective concinnity (Coates, 2003) . Subjective concinnity represents the 345 novelty of a design: values, beliefs, individual taste and stands on the subjective taste of the observers. 346
Because of the peculiarity of these constructs, and because of the high number of them, the classification 347 into categories has not been straightforward to identify. 348
The source of the list of design elements comes from a selection of aspects detected in category 1C 349 (Design Details). After the first labelling validated with the support of three experts, the researchers 350 selected most of the items to be classified in three sub-categories including the ones presented in the 351 chapter design details. The process of division implied a few steps: o When the final set of constructs was identified, the elements colors, patterns symbols and fashion 360 where sub-grouped within the label of "patterns".
361
The results of a sub-classification of all the issues found within 1C are illustrated in Table 5 . 362 Flag decoration (P) -no decoration (O)" (i.e. pattern), "colourful (P) -human skin colour (O)" (i.e. 371 colour), "presence of Celtic knots" (P) -"plain" (o) (i.e. symbols), and "hill foot" (P) -"flat foot" (O) 372 (i.e. fashion). 373
The investigators decided to group these four categories within a singular category, as we believed that 374 the all of them were united by the same design family. With a frequency of repetition of 18 constructs, 375 pattern is the most relevant element when compared to Geometrical components and Organic 376 components. 377
Geometrical components 378
Geometrical components are identified for all the elements of C1 described as "geometrical forms"-379 and have been identified within 13 elicitations. Examples of those constructs are "triangle shaping (P)" -380 "surface without slots (O)" or "Rod details (P) -Elements interfering with anatomical shape (O). 381
Organic Components 382
Organic components identifies both constructs that have been labelled with the direct constructs 383 involving the word "organic" (i.e. "Organic Shape" (P) -"Perfectly straight" (O))" and the elements that 384 have been labelled by the investigator under this category even if the word organic was not used (i.e. 385 "linear/smoot" (P) and "extravagant/not human" (O)). Organic constructs registered were only 8. 386
Visual Prosthetic Design Process 387
The design approach that has been elaborated for visual prosthetic design is here proposed. The idea is 388 that, in order to obtain a design which could respond the closest possible to the expectation of the wearer, 389 a user centred design approach has to be applied. The main aim is to transliterate a set of visual 390 expectations of the amputees for their prosthesis from a non-tangible idea to a quantifiable set of 391 characteristics to be then reproduced in the form of their robotic looking prosthetic device. In order to 392 apply this method, we identified the professional figure of the Visual Prosthetic Designer. The essential 393 role is to follow a user centred prosthetic design process from the data collection to the design concept. 394 12 The specifications of the design system applied by the visual prosthetic designer have been detailed 395 explored in our previous work (Stefania Sansoni, Wodehouse, McFadyen, & Buis, 2015) . 396
The first step in the design process is the application of the RGT in a one-to-one interview between the 397 designer and the user. The RGT prosthetic models are prostheses chosen by the designer to be displayed 398 as 3D images/videos or real models. When completing the data collection and obtaining a grid of 399 constructs referred to the ideal device of the interviewed, the second phase of the process can start. The 400 designer should be able to label the results under the design principles and elements (Table 6 offers an  401 overview of them) in order to have a quantifiable data set of factors to be used for the final design. An 402 example is proposed to clarify the process. 403 After collecting the constructs, the visual prosthetic designer will transcribe the constructs within the 417 RGT grid. A first stage of 'data cleaning' will be performed by i.e. eliminating constructs that have been 418 repeated twice or constructs that are not relevant with prosthetic design. After the grid will be completed, 419 the designer will provide to the user the grid by asking them to mark the weight of each construct for their 420 ideal prostheses between 1 and 5, according to the weight that each statement represented (Error! 421
Reference source not found.a) During this process the designer will have the chance to make the user 422 reflect about the role of each feature applied to their own device, and gives them the possibility to 423 quantify properly the weight of each future applied for the device. 424 After the collection all the constructs, elements and principles should be divided. When detecting the 425 elements, the process would be to label the constructs obtained under the three categories Patterns (A), 426
Geometrical (B) and Organic (C) components. The expectation would be to collect a higher number of 427 specifications for Category A and a minor set of observations for either B or C. The requirements of users 428 for the elements are very personal and the needs would be subjective from person to person. 429
The designer will then label the principles of proportion and unity according to the levels of 430 abstraction, and then identify and classify the elements. Principles: A2, B1 to be considered for the 431 framework process and elements: A (colours), A (symbols), B (triangles) for the specifications of the 432 design. The specifications of the labelled constructs are shown in Table 7 . 433 1 2 3 4 5 Our experiment as outlined in the method of this article ends at this stage. We detected a procedure for 436 design elements and principles and simply labelled all the data obtained. However, the complete design 437 process applied by the visual prosthetic designer continues and will be outlined here as following. 438
After collecting the specifications for the design, the designer can start to outline a more detailed idea 439 of the required design. The designer can follow the most suitable strategy according to the design 440 specifications. Our methodology then advises the designer to propose to the user a second stage of design 441 evaluation, in this case to be referred to the proposed model. The idea is to display to the user the 442 prosthetic design proposal to be ranked under a second RGT evaluation grid for the re-elaboration of the 443 constructs proposed in the first session. This second grid re-proposes the ranking of each constructs 444 elicited with the numerical evaluation attributed - Fig. 3b offers an example. 445
The user would then be asked to evaluate if the issues listed in the first session have been designed in a 446 way to correspond the requirements. If any factor would had been addressed in the undesired level, the 447 user should rate the perception of the draft design in order to quantify under which extend a 448 characteristics should be amended. This stage could be implemented by set of more open ended questions 449
where the designer will detect more specifications on the details required by the user, and where a 450 dialogue on i.e. material availability, length of production and cost can be take place. The aim is to 451 provide the user a more realistic idea on the final output of the design process by accounting also other 452 variables. 453 (a) (b) 454 
458
Limitations of the investigation 459
Example: 2D or 3D prosthetic design proposal to be evaluated by the prosthetic user One limitation of the investigation is that only the RGT interview and data collection has been tested 460 (i.e. phase 1 and 2), where the specification of the practical design preparation have not. Testing the full 461 design process would be a desirable future aim for the field of visual prosthetic design. Our research 462 approach during the whole investigation did not include a full manufacturing design plan, therefore a 463 specific approach including information for i.e. cost, material, manufacturing details is not aimed to be 464 provided for this work but would be addressed in future works. 465
Conclusion
466
This work presents the RGT for the design of visual prosthetic devices. This chapter presents and 467 innovative and very first approach for data collection with prosthetic users -where the procedure is tested 468 through interviews with 19 amputees. The elements used for the data collection are a set of 9 prosthetic 469 devices representing variegated visual features and different levels of realism. The results of the RGT 470
were a large set of constructs (135) classified within three categories (aesthetic, emotional and 471 pragmatic): the category 'aesthetic' included a set of sub-specification that were used for designing our 472 final classification of design principles and elements. Principles are those guidelines whose 'direct' the 473 design of a prosthetic product in order to give an order to the elements composing it and included 474 proportion and unity to be potentially applied within three levels of abstraction. Elements are the parts of 475 the design that provide it with 'novelty' and included patterns, geometrical components and organic 476 components. Principles and elements are identified in our study as a key factor for transforming the 477 emotional needs of prosthetic users from non-tangible qualities to measurable aesthetic features. These 478 design guidelines should support the visual prosthetic designer both to address the data collection with the 479 prosthetic users by extracting and quantifying aesthetic needs and to address the design of robotic models. 480
Our hope is that these initial findings have established a more coherent overview of the challenges of 481 visual prosthetic design, and that the proposed methodology provides a basis for other researches and 482 practitioners to define a more focused procedure for this aspect of prosthetic design. 483
